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Abstract
A productive synthesis of endocrinology and evolutionary genetics has
occurred during the past two decades, resulting in the first direct documentation of genetic variation and correlation for endocrine regulators in
nondomesticated animals. In a number of insect genetic polymorphisms
(dispersal polymorphism in crickets, butterfly wing-pattern polymorphism), blood levels of ecdysteroids and juvenile hormone covary with
morphology, development, and life history. Genetic variation in insulin signaling may underlie life history trade-offs in Drosophila. Vertebrate
studies identified variation in brain neurohormones, bone-regulating hormones, and hormone receptor gene sequences that underlie ecologically
important genetic polymorphisms. Most work to date has focused on genetically variable titers (concentrations) of circulating hormones and the
activities of titer regulators. Continued progress will require greater integration among (a) traditional comparative endocrine approaches (e.g., titer measures); (b) molecular studies of hormone receptors and intracellular signaling pathways; and (c) fitness studies of genetically variable
endocrine traits in ecologically appropriate conditions.
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Introduction
The evolution of endocrine regulation has been a topic of interest to physiologists
and evolutionary biologists for decades (reviewed in Adkins-Regan 2005, Matsuda
1987, Nijhout & Wheeler 1982, Norris 1997, West-Eberhard 2003, Zera 2004). Major issues in this topic include the nature of endocrine adaptations (i.e., evolutionary modifications of endocrine control mechanisms) and the role of these modifications in the
evolution of morphology, behavior, development, and life history. Until fairly recently, the vast majority of evolutionary studies focused on comparative aspects of
hormonal regulation among species or higher taxa. Typical examples include phylogenetic analyses of hormone structure/function (Colon & Larhammar 2005, Guilgur
et al. 2006, Norris 1997) or comparative studies of various endocrine adaptations (e.g.,
differences in the hormonal control of ion balance among terrestrial, fresh-water, and
salt-water vertebrates; reviewed in Norris 1997). Another important research focus
has been the hormonal control of phenotypic trade-offs among life history traits in
the field, such as testosterone-mediated trade-offs; (Ketterson et al. 2001, Marler 1988,
Svensson et al. 2002). However, microevolutionary investigations of genetically variable hormonal regulators in nondomesticated animals were rare before 1990 (Kallman 1989, Zera & Teibel 1989).
This situation has changed dramatically, and the first substantial synthesis of endocrinology and evolutionary genetics, termed evolutionary endocrinology (Zera
& Huang 1999), has begun. There are two main reasons for this development: First
and foremost, during the past 20 years, evolutionary biology has focused increasingly on the microevolution and evolutionary genetics of complex organismal adaptations, such as life history traits (fecundity, longevity), life history trade-offs,
and aspects of development (evolution of butterfly wing patterns, dispersal polymorphisms, body size). Hormones regulate most major components of development and life history, such as growth rate, body size, timing of metamorphosis, and
sexual maturation. Furthermore, individual hormones typically affect numerous
phenotypes (endocrine pleiotropy) and thus almost certainly give rise to genetic
correlations that underlie constraints and trade-offs; these correlations strongly influence the evolution of development and life histories. A growing consensus has
emerged that a detailed understanding of the microevolution of life histories and
development requires a corresponding deep understanding of the microevolution
of the endocrine mechanisms that control the expression of these traits (Brakefield
et al. 2003, Finch & Rose 1995, Harshman & Zera 2007, West-Eberhard, 2003, Zera
& Harshman 2001). Second, the recent development of evolutionary physiology
(Feder et al. 1987, Garland & Carter 1994) highlighted the importance of investigating within-species genetic variation and covariation for physiological processes to
understand the mechanisms by which physiology evolves. Thus, evolutionary-genetic analysis of within-population hormonal variation is increasingly viewed as
an important research focus in its own right (Zera 2006, Zera & Huang 1999, Zera &
Zhang 1995).
This review deals exclusively with animals, primarily insects and vertebrates,
groups in which most evolutionary-endocrine studies have been conducted. We focus primarily on the following two topics: (a) the extent and nature of genetic varia-
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tion and covariation for various endocrine traits and (b) the extent to which endocrine
regulators (e.g., hormone levels, regulators of hormone titers, hormone receptor expression) covary genetically with whole-organism aspects of morphology, development, and life history, and the evolutionary implications of these associations. Our
primary goal is to evaluate critically the most significant experimental findings in
evolutionary endocrinology from the past two decades.
Background in Evolutionary Endocrinology
A Thumbnail Sketch of Endocrine Regulation
The mechanisms that comprise endocrine regulation are exceedingly complex,
and we give only a brief outline of the main aspects here to aid the nonspecialist.
For general reviews see, Adkins-Regan 2005, Gilbert et al. 2005, Kacsoh 2000, Nijhout
1994, and Norris 1997. The key components of endocrine signaling are (a) the systemic (e.g., blood) concentration or titer of a hormone (the signal), (b) the receptors
that bind the hormone (the receiver; tissue sensitivity), and (c) the various intracellular mechanisms that convert hormone binding into production of effector molecules
(e.g., enzymes; regulatory molecules). A hormone can be either the direct product of
a gene (e.g., peptide hormones such as insulin and insulin-like growth factors), or a
molecule that is the end product of a biosynthetic pathway (e.g., steroids such as testosterone and ecdysone). Hormones or prohormones are secreted into the circulatory
system and may be modified (e.g., activated) in various tissues; hormones are transported either unbound (many peptide hormones) or bound to a carrier protein (many
lipophilic hormones) to target tissues. The hormone can then interact with the outer
cell membrane (e.g., polar peptide hormone binds to receptor), which initiates an often complex intracellular signaling cascade. Alternatively the hormone can enter the
cell (e.g., steroid), where it often binds to a receptor protein and is transported to the
nucleus where it modulates gene transcription. The hormone is then degraded and/
or excreted.
A hallmark of hormonal regulation is the complex network of interactions that
underlies such key phenomena as hormonal homeostasis, hormonal pleiotropy, and
phenotypic integration. For example, the blood titers of many hormones (e.g., testosterone, estrogen, and ecdysone) are often maintained within a narrow range (homeostasis) by multiple negative feedback loops between the hormones and the neurohormonal regulators that control hormonal secretion. Similarly, the regulation of
phenotypic expression by a specific hormone often requires the prior action of other
hormones (priming effects) and modulation by additional hormones. Thus, the endocrine control of complex phenotypes, such as the timing of metamorphosis or egg
production, typically requires a precisely orchestrated sequential production and
elimination of numerous interacting hormones. Finally, a single hormone often influences the expression of multiple phenotypes (hormonal pleiotropy), which is a key
aspect of the integrative expression of multiple components of a complex adaptation
(phenotypic integration). These complex interactions can make the analysis of endocrine regulation exceedingly difficult.
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Studied Endocrine Traits and Endocrine Methods
Of the three main components of endocrine regulation discussed above, thus far
hormone titer has been studied most extensively from an evolutionary-endocrine
perspective. This predominant focus on hormone titers is the consequence of a large
body of evidence that implicates the regulation of phenotypic expression by changes
in circulating hormone levels, such as the hormonal regulation of developmental and
reproductive aspects of insect and vertebrate polymorphisms (Hartfelder & Emlen
2005, Nijhout 1994, Shi 2000). Moreover, specific and sensitive assays, such as radioimmunoassays, have long been available, which allow the measurement of hormone
levels in the relatively large number of individuals often required in quantitative-genetic studies of endocrine variation (Zera & Cisper 2001, Zera & Zhang 1995, Zijlstra
et al. 2004). Conversely, the effective titer available to tissue receptors may not necessarily correspond to the total blood hormone titer. For example, binding by plasma
proteins can modulate the effective titer of a hormone (e.g., corticosterone; Breuner
& Orchinik 2002), as can proximity to the site of hormone production/release (e.g.,
the concentration of testosterone, which is required for proper sperm production, is
much higher in the testes than in the blood) (Kacsoh 2000). No evolutionary-endocrine studies (and few ecological/behavioral studies) have investigated these more
complex aspects of hormone titers.
Some of the most detailed evolutionary-endocrine studies have focused on general regulators of the hormone titers, most notably, the activities of hormone-degrading enzymes (Zera 2006, Zera & Huang 1999). These endocrine traits are often easier
to measure than hormone titers or receptor characteristics, often play an important
role in hormone titer regulation, and can be measured in small individual organisms
(e.g., insects), without severe damage, which is an important advantage in artificial
selection studies (Zera & Zhang 1995).
Intraspecific variation in receptor attributes (e.g., tissue or stage-specific receptor-gene expression and hormone-binding affinity) may play an important role in endocrine adaptation. Receptor alterations can result in phenotypic changes that are
restricted to the specific tissue or organ in which they occur, in contrast to the widespread phenotypic (i.e., pleiotropic) alterations expected to occur when the systemic
titer of a hormone is changed. In some cases, such as for juvenile hormones, the receptor has not been unambiguously identified, thus precluding serious study of intraspecific variation in tissue sensitivity for this important group of hormones. Although researchers have investigated receptors extensively in comparative endocrine
studies of vertebrates (Norris 1997), functional studies of receptor variation are rare
in evolutionary-endocrine studies as well as in field-ecological studies (for an exception see Hoekstra et al. 2006, discussed in Vertebrate Studies, below).
The paucity of studies on receptors and components of intracellular signaling
pathways testifies to the nascent state of evolutionary endocrinology. However, this
situation almost certainly will change dramatically in the next decade. Researchers
have undertaken extensive mutational/molecular analyses of signaling pathways
and hormone receptors in a few model genetic organisms such as Drosophila, C. elegans, and mice (Harshman & Zera 2007, Henrich 2005, Partridge et al. 2005). These
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model organisms and molecular approaches are beginning to be incorporated into
evolutionary-endocrine research at an increasing rate (Harshman & Zera 2007, Richard et al. 2005); a number of recent, notable examples are discussed throughout this
review.
The identification of fitness effects of endocrine variation is also a key aspect of
evolutionary endocrinology. This remains to be done for endocrine genotypes, although several detailed studies in vertebrates addressed this issue at the phenotypic
level (discussed below in Vertebrate Studies).
The misuse of hormone manipulation. One widespread and growing problem
in evolutionary endocrinology, which deserves special comment, is the inappropriate use of hormone manipulation (HM), which involves experimental manipulation of the in vivo titer of a hormone [see Zera (2007b) for a detailed discussion of
this topic]. HM is very useful in evolutionary endocrinology, for example, to evaluate the functional significance of hormone-phenotype correlations identified in genetic analyses (Zijlstra et al. 2004; see Genetic Polymorphism for Wing Pattern and
Life History in Bicyclus, below), or to produce phenotypes for experiments (e.g.,
Ketterson et al. 2001; see Vertebrate Studies, below). However, HM has been commonly misused; it should not be the sole or primary empirical method used to establish the role of a hormone in the regulation of phenotypic expression (e.g., the
juvenile hormone studies of Emlen & Nijhout 1999, 2001; Meylan & Clobert 2005;
for a detailed critique see Zera 2007b). By itself, HM can never provide more than
weak support for the role of a particular hormone or its specific mechanisms of action in the regulation of phenotypic expression; applied hormones or analogs can
have strong pharmacological (nonphysiological) effects, especially when applied in
nonphysiological concentrations (which is often the case in insect studies) or at inappropriate times in the life cycle. Furthermore, introduced hormones can alter titers or receptors of other hormones. If variation in an endocrine trait is the focus of
study, that endocrine trait should be quantified directly via the use of a well-validated assay, no matter how laborious.
Genetic Approaches in Evolutionary Endocrinology
Most evolutionary-endocrine studies to date focused on physiological aspects of
hormonal variation such as hormone titers or activities of hormone-regulating enzymes, via the use of quantitative-genetic methods, the most common of which is artificial selection. For general reviews of artificial selection see Gibbs (1999), Harshman & Hoffmann (2000), Swallow & Garland (2005), and Falconer & MacKay (1996).
The degree of response to artificial selection quantifies the genetic component of phenotypic variation for the selected trait (heritability) (Zera & Zhang 1995). Researchers
identify endocrine factors that potentially regulate the expression of morphological/
life history traits as indirect (correlated) responses when nonendocrine phenotypes
(e.g., life history traits) are selected directly [Malisch et al. 2007, Zera 2006, Zera &
Huang 1999, Zijlstra et al. 2004; see Discontinuous Variation (Genetic Polymorphism)
in Insects, below].
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A major advantage of artificial selection is the production of genetically differentiated populations for the selected and correlated phenotypes; these stocks can then
be subjected to further analyses to identify the underlying causes of phenotypic divergence and correlations. For example, researchers used this approach to investigate the molecular and biochemical causes of line differences in the activity of the
cricket juvenile hormone titer regulator, juvenile hormone esterase (JHE) (Zera 2006;
discussed below in the section on Direct Selection on an Endocrine Regulator in Gryllus assimilis). Individual genes that contribute to physiological-genetic variation in
an endocrine trait or a phenotype controlled by that regulator can also be identified
in artificially selected lines via the use of standard quantitative-genetic methodologies, such as quantitative trait locus (QTL) mapping or the investigation of candidate
genes. For example, QTL analysis of variation in the corticosterone-mediated stress
axis in the rat identified a complex genetic architecture consisting of multiple interacting genetic factors with maternal and sex effects (e.g., Solberg et al. 2006). Until
very recently, this approach was not often used in evolutionary-endocrine studies,
and contributions of individual genes to a quantitative endocrine trait of interest are
not well known [however see Crone et al. (2007) and Hoekstra et al. (2006); discussed
below in the sections on Continuous Variation in Insects and on Vertebrate Studies].
We expect such analyses to become common in the next decade.
Quantitative-genetic studies of endocrine variation have been conducted with
varying degrees of rigor. For example, some studies used full-sib breeding designs
or regression of offspring on the female parent, which can significantly inflate heritabilities for a variety of reasons (e.g., maternal effects; King et al. 2004); many of these
problems can be circumvented by half-sib analyses (Gu & Zera 1996; Roff et al. 1997).
In some artificial selection studies (Suzuki & Nijhout 2006, Zera et al. 1989), researchers selected only one line in a particular direction (nonreplicated selection). Only suggestive genetic inferences, such as the existence of genetic differences between lines
or genetic correlation, can be drawn from unreplicated studies (Falconer & Mackay
1996) without additional experiments such as line crosses (as in Zera & Teibel 1989).
Assessment of the functional significance of genetic correlation between a hormonal trait (e.g., hormone titer) and a phenotype (e.g., morphological trait) also requires care because correlation does not necessarily imply causation. Spurious, nonfunctional endocrine correlations may result from the extensive cross talk between
hormonal regulators (see A Thumbnail Sketch of Endocrine Regulation, above). The
identification of such correlations may be difficult but it is critically important and
will typically require experimental manipulation; in this context, HM can be a powerful experimental technique (Zijlstra et al. 2004; see The Misuse of Hormone Manipulation, above). Researchers have substantially underestimated the difficulty involved
in assessing the functional significance of endocrine correlations in many evolutionary-endocrine studies.
Mutational analysis is a more recent genetic approach in evolutionary endocrinology and is becoming more common. This approach uses laboratory-generated single-locus mutations, typically of large effect, to identify hormonal traits (e.g., components of signaling pathways) that control the expression of complex phenotypes. An
example of this approach is the use of mutations in the insulin signaling pathway to
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identify the role of this pathway in life history variation and trade-offs in Drosophila
(Flatt et al. 2005, Richard et al. 2005). Currently, mutational analysis is restricted almost exclusively to model genetic organisms (e.g., C. elegans, Drosophila). The great
power of mutational analysis is its ability to dissect the mechanisms of hormone action on ecologically important traits by identifying the influence of often well-characterized individual endocrine loci on a phenotype of interest. The limitation of this
approach is that mutations of large effect, which are typically used in mutational
analysis, often do not segregate in natural populations. Thus, mechanisms that underlie the hormonal control of phenotypic variation identified by mutational analysis
may be different from the mechanisms in natural or laboratory populations (Brakefield et al. 2003, Harshman & Zera 2007, Stern 2000). Relatively little is known currently about the nature of allelic variation in endocrine system genes that segregate
in populations. A few notable physiological studies focused on spontaneous, singlelocus endocrine mutations in the laboratory (Rountree & Nijhout, 1995a,b; Suzuki &
Nijhout 2006); a spate of recent molecular studies investigated single-locus (or oligogenic) polymorphisms in natural populations of vertebrates (Colosimo et al. 2005,
Hoekstra et al. 2006, Mundy et al. 2003, Nachman et al. 2003; all discussed below in
Vertebrate Studies).
Empirical Studies
Discontinuous Variation (Genetic Polymorphism) in Insects
Wing (dispersal) polymorphism in crickets. During the past 15 years, investigators studied, from an endocrine-genetic perspective, a number of complex (multitrait) polymorphisms that play an important role in the life cycle of the organism.
Most notable are dispersal-polymorphism in crickets and wing-pattern polyphenism
in butterflies (reviewed in Brakefield & Frankino 2007; Brakefield et al. 2003; Zera
2004, 2006). Polymorphism is defined here as discontinuous variation in some phenotype. If phenotypic variation results from variation in genotype, it is termed genetic
polymorphism; if phenotypic variation is due to environmental variation, it is termed
polyphenism.
Wing polymorphism in species of Gryllus (crickets) has been especially well-studied with respect to systemic variation in the titers of juvenile hormone (JH) and ecdysteroids, two key developmental and reproductive hormones, and the role of titer
variation in regulating aspects of development (such as alternate morph production)
and adult-life history (e.g., the trade-off between flight capability and reproduction).
Wing polymorphism in Gryllus is both a genetic polymorphism (polygenic, with a
threshold) (Roff, 1996) and an environmental polyphenism (Zera 2004, 2007a). However, virtually all endocrine work on this model focuses on genetic polymorphism,
and employs artificial selection in a single laboratory environment. The polymorphism consists of a flight-capable morph that has long wings and large flight muscles,
but delays egg production and has low fecundity. The alternate, flightless morph has
the converse set of traits (Zera 2004, 2006, 2007a). In two Gryllus species, using field-
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collected individuals, researchers obtained selected lines that produced >90% of the
dispersing or flightless/reproductive morph; these selected lines were subjected to
endocrine analyses (reviewed in Zera 2004, 2006, 2007a).
In G. rubens and G. firmus, lines selected for the dispersing morph exhibited (a)
much higher blood activity of the enzyme JHE, which degrades JH, (b) a reduced
JH titer, and (c) an elevated ecdysteroid titer compared with lines selected for the
flightless/reproductive morph. These differences occurred during a critical period
in morph development. High JHE activity strongly cosegregated with the dispersing morph in crosses and backcrosses of selected populations of G. rubens, which is
the first demonstration of genetic covariance (i.e., cosegregation) between a variable
endocrine and developmental/life history trait in insects recently derived from the
field. Because ecdysteroids promote growth and differentiation, whereas JH inhibits metamorphosis, the higher ecdysteroid titer and lower JH titer (and higher JHE activity) are consistent with a role for either or both of these hormones in the regulation
of morph development (Zera 2006). In contrast, JH binding in the hemolymph (due
to the JH binding protein) did not differ between morphs (Zera & Holtmeier, 1992),
indicating that variation in JH binding does not likely play a major role in the endocrine regulation of morph development. Zera and coworkers have also undertaken
one of the few direct comparisons between genetic polymorphism and environmental polyphenism for an endocrine trait, JHE activity (Zera 2006, Zera & Teibel 1989;
also see Rountree & Nijhout 1995a,b and Suzuki & Nijhout 2006).
Endocrine studies of Gryllus have a number of limitations. For example, despite
considerable study, the relative importance of JH versus ecdysteroids (or other hormones) in the regulation of aspects of morph expression still remains unresolved,
and JH titer differences between morphs are not large (see extensive discussion in
Zera 2004, 2006). Because a nuclear JH receptor has not been unequivocally identified
in insects, the extent to which morph-specific traits result from variation in receptor
characteristics, as opposed to variation in circulating hormone levels, cannot be assessed. Finally, the influence of hormones other than JH or ecdysteroids on morph
development, or the endocrine mechanisms that coordinate morph development with
morph-specific reproduction in adults, are unknown (Zera 2004, 2006).
Because JH plays an important role in insect reproduction (Gilbert et al. 2005, Nijhout 1994), endocrine-evolutionary models of complex polymorphism have long proposed that the blood JH titer should be higher in the morph with elevated fecundity.
However, this hypothesis has been tested directly in dispersal-polymorphic species
only during the past few years (Zera 2004, 2006). Surprisingly, in G. firmus the JH titer in the dispersing morph exhibits a high amplitude, circadian rhythm (50-fold titer
change over a 6 hour period) that cycles above and below the relatively invariant titer
in the flightless morph (Zhao & Zera 2004). These data suggest that morph-specific
effects of JH may be determined not only by the titer, but also by the length of time
during which the titer is elevated above a threshold (Zera et al. 2007). By contrast, the
ecdysteroid titer is consistently elevated in flightless versus dispersing females and
may contribute to the elevated egg production of the flightless morph in concert with
or independent of JH. The unexpected morph-specific JH circadian rhythm illustrates
the importance of measuring hormone titers directly over short timescales. A num-
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ber of studies recently showed phenotypic variation in circadian or diurnal rhythms
for endocrine traits in insects (Vafopoulou & Steel 2005; Zhao & Zera 2004). The failure to identify these endocrine titer rhythms, especially if the rhythms are morphspecific, can result in substantial errors in interpretation of the endocrine data (Zera
2006, 2007b).
Although field-endocrine studies are common in vertebrates (discussed in Vertebrate Studies, below), only a few limited studies have been undertaken in insects (reviewed in Zera et al. 2007). Thus, the correspondence between endocrine traits measured in selected lines in the laboratory and measured under field conditions is poorly
understood. However, a recent multi-year field study found comparable results for
blood JH and ecdysteroid titers in G. firmus in individuals sampled in the field or in
selected lines raised under field conditions, as were found in laboratory studies described in the paragraph above (Zera et al. 2007; and A.J. Zera, unpublished observations). The morph-specific circadian rhythm for JH titer in field populations of G. firmus is a powerful model with which to investigate the microevolution of endocrine
circadian rhythms, a poorly studied topic in evolutionary endocrinology.
Genetic polymorphism for wing pattern and life history in Bicylcus. Butterfly
wing pattern components (e.g., size, color, shape) are exquisite adaptations for camouflage, thermoregulation, mate recognition, etc. Developmental, hormonal, biochemical, and more recently, molecular aspects of variation in wing pattern expression
have been studied extensively, most often in the context of seasonal polyphenism (reviewed in Brakefield & Frankino 2007, Nijhout 1991). Various neuropeptides (Jones
et al. 2006) and ecdysteroids are implicated as regulators of pigment biosynthesis and
eyespot patterning.
The most detailed endocrine-genetic analyses of wing-pattern components are
studies of ecdysteroid control of eyespot size and life history (rate of development) in
the butterfly Bicyclus anyana (Brakefield & Frankino 2007, Koch et al. 1996, Zijlstra et
al. 2004). Size of the ventral eyespot and rate of development are adaptations to a particular season (polyphenism) (Brakefield & Frankino 2007). Researchers conducted
artificial selection in the laboratory in an environment intermediate between those
producing the seasonal phenotypes, and on a base population that contained ventral
eyespot sizes intermediate between those seen in wet and dry seasons. Selection on
ventral eyespot size or rate of development demonstrated that these characteristics
are correlated genetically with each other and with the hemolymph ecdysteroid titer during early pupal development. Results of ecdysteroid injection experiments implicated an earlier rise in the ecdysteroid titer as a cause of increased ventral eyespot
size and faster rate of development in the wet-season morph, although a more complex picture emerged subsequently (Zijlstra et al. 2004).
Simultaneous two-trait selection on ventral eyespot size and rate of development
produced four lines with the four possible trait combinations (fast-development rate
and large eyespots, slow-development rate and large eyespots, etc.). Unexpectedly,
investigators observed genetic covariance between the ecdysteroid titer and development rate, but not ventral eyespot size (Zijlstra et al. 2004). Nevertheless, injection of
ecdysteroids increased eyespot size as well as rate of development, as observed pre-
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viously (Koch et al. 1996). A confounding problem with hormone injection was the
strong effect of injection per se on eyespot size (see Zijlstra et al. 2004). These authors
concluded that the ecdysteroid titer primarily controls development rate, whereas
ventral eyespot size can be modulated by ecdysteroid-dependent as well as ecdysteroid-independent mechanisms. These important studies illustrate that (a) endocrinegenetic control mechanisms can be more complex than they appear at first, and (b)
the initial demonstration of hormone-phenotype associations should be viewed as
the beginning, not the end point, of functional studies of endocrine control of phenotypic expression.
Evolution of a polyphenism by artificial selection. Although numerous studies
investigated the mechanisms that underlie morph expression in polyphenisms, little
is known about the evolutionary origins of polyphenism. In an innovative study, Suzuki & Nijhout (2006) addressed this issue with direct selection for plasticity in body
color in Manduca sexta, a model organism in insect endocrine studies. The authors
heat shocked the Manduca sexta black mutant to expose hidden genetic variation in
coloration, which provided the means for selection. The authors produced a line (unreplicated) whose body color was always black irrespective of rearing temperature
(monophenic line), as opposed to another line that was black or green depending on
rearing temperature. Owing to the extensive endocrine database for this model species (Nijhout 1994), Suzuki & Nijhout (2006) could investigate the endocrine basis of
the evolution of plasticity. These authors reported that the plastic line evolved by selection on genes that regulate temperature-dependent hemolymph juvenile hormone
titer. One limitation of this study is that Suzuki & Nijhout (2006) used a bioassay to
measure the JH titer; bioassays can be unreliable (see Baker 1990, Zera 2007b).
Other polymorphisms/polyphenisms. A number of other groups investigated JH
regulation of complex polymorphism, such as horn size polymorphism in dung beetles and wing polymorphism in the soapberry bug (Dingle & Winchell 1997; Emlen &
Nijhout 1999, 2001; Moczek & Nijhout 2002). Unfortunately, in these studies hormone
manipulation (HM) was the only endocrine technique used by researchers to investigate JH regulation; they failed to measure any aspect of JH signaling directly, such
as JH titer or activities of JH titer regulators [see Zera (2007b) for a detailed critique].
Conversely, preliminary data suggest ecdysteroid titer differences between nascent
horn morphs (Emlen & Nijhout 1999). Rountree & Nijhout (1995a,b) investigated the
ecdysteroid regulation of wing color pattern in the butterfly Precis coenia in natural
polyphenic morphs and in a spontaneous laboratory mutant.
Continuous Variation in Insects
Direct selection on an endocrine regulator in Gryllus assimilis. The activity of
the hormone-regulating enzyme JHE in the field cricket Gryllus assimilis was the first
endocrine trait directly subjected to artificial selection in a laboratory population recently founded from field-collected individuals (Zera & Zhang 1995). These studies
combined with other quantitative-genetic analyses (Gu & Zera 1996) and studies of
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JHE activity in wing-polymorphic crickets (discussed above) make JHE the most intensively studied endocrine trait from an evolutionary-genetic perspective (reviewed
in Zera 2006).
Researchers observed strong responses to replicated selection in either juvenile or
adult stages; heritabilities were similar to those of nonendocrine enzymes (Zera 2006,
Zera & Zhang 1995, Zera et al. 1998). Selection on JHE activity during the juvenile
or adult stages resulted in no correlated responses on JHE activity during the alternate life cycle stage. These results demonstrate that some components of endocrine
regulation can evolve independently in a stage-specific manner. The extent to which
physiological mechanisms constrain various life cycle stages to evolve in concert is a
key but poorly understood topic in evolution (Brakefield et al. 2003, West-Eberhard
2003, Zera 2006). Extensive studies of morphological, developmental, physiological,
biochemical, and molecular correlates of JHE activity in selected lines of G. assimilis
were reviewed recently in Zera (2006), and only more recent or salient findings are
covered here.
Characterizations of selected lines of G. assimilis show that the response to divergent selection on blood JHE activity results equally from genes that contribute to:
(a) whole-organism enzyme activity and (b) the degree of enzyme secretion into the
blood, similar to G. firmus (Zera & Huang, 1999). Enzymatic properties do not differ
between JHEs from high and low activity lines, nor are there nucleotide differences in
the coding sequence of JHE genes within or between selected lines (Crone et al. 2007
and references therein). Cosegregation between line-specific JHE allele and blood JHE
activity implicates DNA sequence variation at or near the JHE gene region as a contributor to line differences in blood JHE activity. The study by Crone and coworkers
(2007) is one of the few that links molecular aspects of a candidate gene to physiological/phenotypic variation in an endocrine trait in an insect (analogous studies in vertebrates are discussed in the sections on Vertebrate Studies and on Single Locus Polymorphisms in the Field).
Comparisons among the results of artificial selection studies performed in G. rubens, G. firmus, and G. assimilis provide important insights into (a) the nature of the genetic factors responsible for microevolutionary changes in JHE activity, (b) the degree
of change in JHE activity necessary to alter whole-organism JH metabolism (a prerequisite for affecting the expression of whole-organism traits), and (c) the role of modulation of JHE activity on the expression of specific phenotypes such as wing length
and flight-muscle mass. Each of these issues is discussed in detail in Zera (2006).
Body size in insects. Body size is an important organismal trait (reviewed in Edgar 2006, Nijhout 2003). There has been a recent surge of molecular-endocrine studies on body size regulation in Drosophila, whereas physiological-hormonal investigations of body size regulation in M. sexta have been ongoing since the 1970s. These
studies provided the impetus for the first evolutionary-endocrine studies of body
size in insects.
Nijhout and colleagues (2003) developed a physiological model that relates attainment of size at metamorphosis (size when feeding ends in the last larval stage adult
size) to various whole-organism growth parameters, which are in turn related to un-
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derlying endocrine events (D’Amico et al. 2001, Edgar 2006, Nijhout 2003). Ninety
percent of growth occurs during the last juvenile instar of M. sexta; when a genotypespecific critical weight is reached, a series of endocrine events are set in motion, leading ultimately to the cessation of feeding and onset of metamorphosis. The duration
of time between attainment of critical weight and cessation of feeding [the interval
to cessation of growth (ICG), when most weight gain occurs] is thought to be determined by the rate of decrease in the JH titer, subsequent secretion of the brain neurohormone (PTTH; secretion inhibited by JH), and release of ecdysteroids (release induced by PTTH); ecdysteroid release is a proximate initiator of molting (end of ICG)
[see Nijhout (2003)].
Using this model, D’Amico and coworkers (2001) reported that a laboratory population of M. sexta evolved 50% higher body size during a 30-year period by altering growth rate, duration of ICG [i.e., purported timing of prothoracicotropic hormone (PTTH) release], and critical weight. Davidowitz & Nijhout (2004) identified
how variation in growth rate and ICG interact to produce larger individuals at higher
temperatures (thermal reaction norms). Preliminary studies using a full-sib design
identified genetic variation for various size parameters (Davidowicz et al. 2003) and
an extensive artificial selection study has been conducted (G. Davidowicz, personal
communication).
The aforementioned Manduca studies are problematic regarding some endocrine
aspects. For example, the timing of PTTH release and its functional relationship to
the end of ICG is a major aspect of the model (e.g., see figure 3 of D’Amico et al. 2001
and Davidowicz et al. 2003). However, Nijhout and colleagues never measured PTTH
release (i.e., PTTH titer) directly in any study that focused on the physiological control of body size; rather, they inferred PTTH release from the appearance of a morphological marker that is thought to be correlated with release of this neurohormone
(e.g., see Methods section of D’Amico et al. 2001). However, the correlation has never
been directly established, but instead was indirectly inferred in the 1970s on the basis of a best guess as to the timing of PTTH release during the last juvenile instar (Nijhout & Williams 1974 and references therein). PTTH release (measured directly in
several moth species; Rybczynski 2005) is now known to be much more complex than
suspected previously.
In Drosophila, recent studies have begun to unravel the detailed mechanisms by
which various phylogentically conserved signaling pathways [most notably insulin/
insulin-like growth factors and target of rapamycin (TOR)] influence body size [for a
detailed review see Edgar (2006)]. Considerable discussion and empirical work is in
progress on alterations in the signaling pathways described above in the context of
the evolution of body size or size of organs (e.g., beetle horns) within and between
species (De Jong & Bochdanovits 2003, Emlen et al. 2006, Shingleton et al. 2005).
Life history variation and trade-offs in Drosophila. The use of laboratory-generated mutants is a relatively new approach in evolutionary endocrinology that
was pioneered in studies of the hormonal underpinnings of life history variation
and trade-offs in D. melanogaster. The endocrine foci of these studies are insulin signaling, juvenile hormones, and ecdysteroids (Clancy et al. 2001, Richard et al. 2005,
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Tatar et al. 2001, Tu et al. 2005). A detailed discussion of these studies, some of
which report contradictory findings, is useful to illustrate important issues regarding JH endocrinology in Drosophila and the use of mutational analysis. Laboratoryinduced mutations of D. melanogaster that interfere with insulin signaling produce
phenotypes that include small size, sterility, and extended life span (Bohni et al.
1999, Clancy et al. 2001, Tatar et al. 2001). Working with Drosophila insulin receptor (DInR) mutations, Tatar and coworkers (2001) proposed that these effects were
caused by a defect in the cellular insulin receptor, which resulted in reduced systemic (e.g., circulating) levels of juvenile hormone. In other words, the phenotypic
effects of insulin-signaling mutations were proposed to be nonautonomous, that is,
not confined to cells with the insulin signaling defect. The key observation for this
argument was that DInR mutations resulted in an approximately 75% decrease in
biosynthesis of juvenile hormone in vitro, relative to wild type. Aerosol exposure
of this mutant combination to methoprene, a juvenile hormone analog, rescued egg
production, albeit at low levels, and the extended life span phenotype was lost.
However, it remains unclear to what degree the rate of in vitro JH biosynthesis in
Drosophila mutants and wild type corresponds to levels of these hormones in the
body, especially levels of circulating hormones in the hemolymph. In fact, the circulating concentration of juvenile hormones remains unreported in the hemolymph.
Preliminary analysis of the hemolymph of feeding last instar D. melanogaster larvae
identified methyl farnesoate and bisepoxy JHIII as the two primary JH-like compounds (Jones & Jones 2007).
Another study in D. melanogaster that used a different mutation of insulin signaling
(chico1, an insulin substrate protein mutation) also found increased life span (Clancy
et al. 2001). Tu and coworkers (2002, 2005) reported a reduced rate of JH biosynthesis
and a reduced release of ecdysteroids from the ovary in vitro in chico1, whereas Richard and coworkers (2005) found no reduction in either the rate of JH biosynthesis or
the release of ecdysteroids from the ovary in this mutant in a different genetic background. In addition, the DInR mutation exhibited a reduced rate of ecdysteroid release by the ovaries in vitro (Tu et al. 2002). Most importantly, the blood level of ecdysteroids was not lower in the long-lived chico1 mutation compared with the other
genotypes (Richard et al. 2005). This is the only case in which circulating levels of any
hormone were measured directly in an insulin signaling mutation of D. melanogaster. Exposure to methoprene by topical or aerosol application across a range of doses
failed to recover egg production in females homozygous for this mutation (Richard
et al. 2005). These workers performed a critical experiment to determine whether
female sterility is caused by a defect in insulin signaling that is autonomous to the
egg or caused by a nonautonomous effect of the lowered level of circulating JH (or
a change in some other systemic factor). They reciprocally transplanted immature
ovaries between wild-type and chico1 mutants; wild-type ovaries produced mature
eggs in chico1 females, whereas the chico1 ovaries did not mature in wild-type females.
Therefore, Richard and coworkers (2005) determined that the effect of the chico1 mutation on egg maturation was ovary-autonomous [see also Drummond-Barbaosa &
Spradling (2001)] in the presence of approximately wild-type levels of juvenile hormone biosynthesis and ecdsyteroids in the blood.
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In conclusion, whereas genetic alteration of insulin signaling clearly affects lifespan in D. melanogaster, the influence of JH remains an open question. The answer to
the question of whether variation in JH leads to variation in aging may depend on the
development of a genetic lesion that can perturb levels of the hormone and development of the capability to measure JHs in the blood (Jones & Jones 2007). Major differences between studies (Tatar et al. 2001, and Tu et al. 2002, 2005 compared with
Richard et al. 2005) remain unresolved and may be due to specific mutations in the
insulin signaling pathway, genetic background, or differences in assays. Clearly there
are problems with mutation analysis, such as different patterns of pleiotropic effects
associated with different mutations or differences in genetic background, but in the
long run this methodology will be powerful for the investigation of the effects of hormone variation on life histories and other complex traits.
Vertebrate Studies
Vertebrate research has provided especially important contributions to evolutionary endocrinology in two areas: (a) physiological and molecular aspects of single-locus endocrine polymorphisms that occur in the field and (b) fitness consequences of
endocrine variation in the field. Conversely, artificial selection studies of physiological aspects of endocrine variation have not been conducted in as much detail as in
insects.
Single locus polymorphisms in the field. In one of the first studies of a genetically
variable endocrine trait in the field, Kallman (1989 and references therein) identified
numerous alleles (five in one species) at the P (pituitary) locus that segregate in natural populations of Xiphophorus (platyfish). P alleles affect pituitary function strongly
and male genotypes can differ substantially in adult size and the appearance of male
secondary sexual characteristics (e.g., male caudal appendage) in the laboratory. Although it is termed the pituitary locus, the actual site of action of the P locus was
traced to higher centers of the brain that involve the production, release, or fate of gonadotropin-releasing hormone (GnRH) (Halpern-Sebold et al. 1986, Kallman 1989).
GnRH ultimately regulates the production of gonadal steroids (e.g., testosterone and
estrogens) via effects on pituitary gonadotropins. Investigators conducted these genetic and endocrine studies during the 1970s and 1980s and unfortunately no additional endocrine work has been published on this system since then. Because both
natural and sexual selection affect body size in Xiphophorus (Basolo & Wagner, 2004),
the P locus may be an important factor in sexual selection and life history evolution
in species of this genus in the field. The P locus–body size system shows great promise in the integration of endocrine-physiological and life history microevolutionary
studies in the field.
A number of studies investigated adaptive variation at the melanocortin receptor gene Mc1r in vertebrates, which mediates melanocyte activity and body color. Researchers identified associations between Mc1r DNA sequence and body-color phenotype in some field populations of mice and lizards (Nachman et al. 2003, Rosenblum
et al. 2004) and in several bird species (Mundy et al. 2003, Theron et al. 2001). Non-
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synonymous mutations at different sites of the Mc1r locus during the Pleistocene appear to have given rise to independently evolved melanic plumage polymorphisms in
geese and skuas (Mundy et al. 2003). Results from molecular population genetic and
association analyses support the hypothesis that selection has acted on Mc1r in the
little striped whiptail (Aspidoscelis inornata) (Rosenblum et al. 2004). More recently,
Hoekstra and coworkers (2006) reported that the Mc1r gene in extremely light-colored
beach mouse populations of Peromyscus polionotus differs by a single, derived, chargechanging amino acid compared with McIr from more darkly colored mainland populations. Importantly, Hoekstra and coworkers (2006) reported that the amino-acid
substitution changed the binding characteristics of the receptor. To our knowledge,
this is the first direct demonstration in natural populations of adaptive genetic variation in receptor function.
Colosimo and coworkers (2005) investigated the role of DNA sequence variation
in the Ectodysplasin (Eda) gene in the context of the evolution of reduced bony armor
in the three-spined stickleback, Gasterosteus aculeatus, an extensively studied model in
evolutionary and ecological genetics. The Eda gene encodes a secreted, locally acting
signaling molecule (paracine regulator) that influences the development of dermal
bones. Parallel evolution of the low-plated phenotype found in freshwater environments appears to have resulted from repeated selection on Eda alleles, derived from
an ancestral haplotype, that are present in low frequencies in marine populations.
Artificial selection studies. Researchers performed several artificial selection studies of vertebrate endocrine traits in an evolutionary-behavioral context. In Japanese
quail (Coturnix coturnix japonica), selection for low or high stress–induced cortico-sterone secretion led to changes in behavioral phenotype in the high stress line (e.g.,
greater avoidance, more fear-related behavior, and higher plasma corticosterone release in response to capture and restraint), but did not affect baseline corticosterone
levels (Jones et al. 1994). A similar response occured for zebra finches selected directly on stress-induced corticosterone levels (Evans et al. 2006). These lines, together
with testosterone titer manipulation, are in use to dissect the relative contributions of
corticosterone and testosterone to the trade-off between immune function and the development of sexual signals (Roberts et al. 2007). Other studies involved selection on
putative endocrine-mediated traits and investigated the correlated response of endocrine traits (mainly hormone titers). In a carefully controlled artificial selection study,
Garland (Garland 2003) measured the titers of several hormones (e.g., corticosterone
and leptin) in lines of the house mouse divergently selected for voluntary wheel-running (Malisch et al. 2007 and references therein). Ongoing research is aimed at quantifying levels of the corticosterone receptor and its binding protein in selected and
control lines (T.G. Garland Jr., personal communication). In great tits (Parus major),
divergent selection on personality produced lines of less aggressive, more cautious
birds (slow explorers), and more aggressive fast explorers. Slow explorers showed a
greater hypothalamic-pituitary-adrenal axis reactivity to social challenge compared
with fast explorers (Carere et al. 2003, Groothuis & Carere 2005).
Hoeflich and coworkers (2004) found that high-growth lines of mice derived from
several independent artificial selection experiments consistently exhibited elevated
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serum levels of insulin growth factor 1 (IGF1) but not growth factor binding proteins,
nor elevated expression of IGF receptors in muscle. This is a unique study in that it
compares the contribution of variable genes that encode plasma hormone levels versus hormone receptors to the response to selection in a key life history trait. The findings of Hoeflich and coworkers (2004) support the strong association between a specific IGF1 haplotype and size in dog breeds (Sutter et al. 2007), which suggests that
IGF1 was also an endocrine target of selection on size during the early history of dog
domestication.
Fitness correlates of endocrine variation in the field. Topics of central importance
in evolutionary endocrinology are the extent to which endocrine genetic variation
gives rise to variation in fitness in the field and the mechanisms involved (Ketterson et
al. 1996). Several long-term field studies in vertebrates used hormonal and other physiological manipulations to address these topics. In a series of pioneering studies, Sinervo and colleagues (Sinervo 1999, Sinervo et al. 2006, Svensson & Sinervo 2004, and
references therein) manipulated follicle-stimulating hormone (FSH) and follicle size
to investigate the endocrine mechanisms that control the egg size/egg number tradeoff. The same group used HM to study fitness effects of endocrine-mediated variation
such as the trade-off between fecundity and offspring survival (Sinervo & Doughty
1996) and the cost of reproduction (Sinervo & DeNardo 1996; for a similar study in
mammals see Oksanen et al. 2002). These authors proposed very specific endocrine
regulatory mechanisms that underlie these trade-offs. For example, genetically based
covariation between egg and clutch size is thought to arise from variation in synthesis, hormone titers, or receptor sensitivity for GnRH and FSH, and corticosterone may
regulate female condition, immune function, and fecundity (Sinervo & Calsbeek 2003,
Svensson et al. 2002). However, to date few components of hormonal regulation have
been quantified directly (in some cases owing to a lack of appropriate hormone assays)
and the extent to which analogous, natural hormonal variation regulates these tradeoffs in unmanipulated lizards has yet to be established. In addition, the same manipulations that Sinervo (1999) used do not always generate consistent changes in egg and
clutch size in other taxa (Christians & Williams 2002, Ji & Diong 2006).
In a very thorough study, Ketterson and colleagues (Ketterson et al. 1996, 2001) used
HM to elevate plasma testosterone (T) in male dark-eyed juncos (Junco hyemalis) to determine the selection pressures that may have shaped the typical distribution of hormone titers in natural populations. Validation studies showed that T-implants cause a
prolonged elevation of plasma T within the normal physiological range and this in turn
affects many different phenotypic traits, presumably reflecting the pleiotropic actions
of T. Compared with control males, high-T males have higher song rates, larger territory size, are more attractive to females, and gain more extrapair fertilizations, but they
also show decreased parental behaviors (less nest defense, lower chick feeding rates)
and have lower survival, perhaps related to lower body fat, higher plasma corticosterone, suppressed immune function, and delayed molt (Ketterson et al. 1996, 2001). In a
recent paper, Reed and coworkers (2006) combined the long-term HM data from these
studies with population modeling to test explicitly the prediction that experimentally
manipulated high-T males (the extreme phenotype) have lower fitness than control
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males (where plasma T levels were shaped by selection). Surprisingly, they found the
opposite: High-T males have higher fitness than control males owing to higher rates of
extrapair copulation by T males. These authors suggested that testosterone levels may
be constrained in natural populations, although there are other potential explanations
such as selection via indirect effects of T on offspring or females (Reed et al. 2006). A
major unanswered question generated by these studies is the extent to which experimental manipulation mimics the pleiotropic effects of segregating genetic variation for
endocrine regulators in these and other species.
Summary and Conclusions
During the past two decades, the first direct information on the extent, characteristics, and functional significance of genetic variation for endocrine traits in nondomesticated animals was obtained using well-validated endocrine techniques. This is the
most important achievement of the nascent field of evolutionary endocrinology thus
far. Insect and vertebrate studies contributed in complementary ways to our understanding of evolutionary endocrinology: Insect studies provided the most detailed
information on the endocrine-genetics of hormone titers, titer regulators, and intracellular signaling in the laboratory; vertebrate studies contributed the most to our understanding of the endocrine basis of single-locus polymorphisms and fitness effects
of endocrine variation in the field.
Results to date clearly implicate variation in endocrine regulation as an important
and widespread aspect of organismal microevolution. Prominent examples include
morphs of complex polymorphisms in insects (dispersal and wing-pattern polymorphisms in crickets and butterflies) and vertebrates (size and plate-morph polymorphisms in fish; color polymorphisms in various species). Genetic variation in endocrine regulation may play an important role in both developmental and reproductive
aspects of these ecologically important polymorphisms. Similarly, mutational analysis implicates the modulation of insulin signaling in the microevolution of individual
and suites of life history traits in D. melanogaster.
In spite of marked progress, evolutionary endocrinology is in its infancy, and
studies of endocrine variation and microevolution have only scratched the surface
of the mechanisms involved. Most empirical studies have focused on the physiological-genetic aspects of systemic hormone titers and titer regulators of only a few hormones (juvenile hormone and ecdysteroids in insects; testosterone and corticosterone
in vertebrates), measured in a handful of species, under a limited number of environmental conditions. For example, only one study has investigated circadian aspects of
endocrine genetic variation, although such influences may be widespread, and may
substantially complicate the interpretation of endocrine data if not identified (Zera &
Cisper, 2001, Zhao & Zera 2004). Thus, a major goal of evolutionary endocrinology in
the next decade should be to obtain direct and detailed measurements of titers and titer regulators on these and additional hormones. Unless this is done, it will not be
possible to determine the extent to which results obtained to date represent general
endocrine adaptations.
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The next decade will see the considerable expansion of evolutionary endocrinology because key topics that have largely been ignored will almost certainly be
the focus of intense study. Most notable will be studies of genetic variation in hormone receptors and signaling pathways and their role in organismal adaptation. Investigations of these topics have thus far been hampered by the lack of appropriate molecular tools; however, model organisms for molecular-genetic studies are
being used increasingly to address these issues (Richard et al. 2005), and molecular techniques are becoming available for a wider range of organisms (Colosimo
et al. 2005, Hoekstra et al. 2006). Data on hormone receptor variation will be critically important for assessment of the relative occurrence of endocrine alterations
that give rise to localized, organ- or tissue-specific changes in phenotypic expression (Hoeflich et al. 2004). Indeed, a key topic for future research is the relative occurrence of endocrine adaptations that involve alterations in systemic (titers) versus localized (receptor) regulators, the factors that select for one type of adaptation
or another, and functional constraints that limit the evolution of a particular type of
endocrine adaptation.
Although a number of classic studies in vertebrates investigated fitness consequences of endocrine-mediated phenotypic variation (FSH-mediated egg size/number trade-offs; testosterone effects on life history trade-offs in juncos), these studies
investigated almost exclusively variation produced by hormonal manipulation. Genetic variation has not been studied for these endocrine traits in unmanipulated individuals. Thus, the relevance of the manipulation studies to both the existence and
fitness effects of natural endocrine genetic variation remains to be established. More
integrative studies are needed in which detailed investigation of the endocrine-genetic correlates of phenotypic variation is combined with experimental manipulations performed in the appropriate ecological context.
In conclusion, new molecular techniques are beginning to allow investigation of
important but previously unapproachable endocrine issues such as variation in receptor expression. However, as exciting as these developments are, studies which focus solely on the identification of candidate genes with overexpression studies or mutational analyses of single protein products will not fully describe the complexity and
integrated nature of endocrine regulatory networks. Rather, molecular and biochemical studies of receptor expression, receptor function, and intracellular signaling must
be integrated with classical approaches, which involve detailed measurement of hormone titers and titer regulators in quantitative-genetics experiments. Moreover, experimental manipulations must be incorporated to assess the functional significance
of endocrine variation at both the whole organism and molecular levels, and ideally
in some cases these studies will be integrated with fitness studies conducted under
appropriate ecological conditions. These are exciting times for evolutionary endocrinology, which is beginning to contribute significantly to our understanding of the
evolution of complex adaptations.
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